Structural modifications of the intestine following fiber intake may play an important role in the physiological effects induced by dietary fiber. The aim of this study was to examine possible mechanisms for the hypocholesterolemic effects of dietary fibers by evaluating both biochemical and morphometric parameters. Thirty male Sprague-Dawley rats were divided into 3 groups and fed either a fiber-free, 15% fiber high methoxy pectin, or 15% cellulose diet for a 4-wk period. Plasma cholesterol levels, hepatic enzyme activity, and fecal bile acid excretion were determined, and changes in the intestinal structure were evaluated. Daily fecal bile acid excretion was significantly higher in rats fed the pectin diet accompanied by elevated HMG-CoA reductase activity. Pectin feeding led to significant elongation of both the small and large intestine whereas cellulose only affected colon length. Computerized image analysis of intestinal cross-sections showed enlarged muscle area in the ileum and midcolon of pectin-fed rats and greater mucosal area in the colon. Circular muscle cell hypertrophy was also observed in the colon. In contrast, the effects of cellulose feeding were limited to elongation of the colon accompanied by muscle cell hypertrophy, and little effect on ileal morphology was documented. These data indicate that the hypocholestrolemic effects of pectin may be due to increased bile acid secretion accompanied by significant morphological changes in the ileum and colon.
INTRODUCTION
Soluble dietary fibers have repeatedly been shown to lower serum cholesterol levels in both laboratory animals and human subjects (1, 29) . Several mechanisms have been proposed to account for the hypocholesterolemic effects of these fibers, but our understanding remains limited. The numerous sources of dietary fibers, each with unique physicochemical properties, make identification and characterization of these mechanisms a complex task (7) . A possible mechanism of action of soluble fibers is that they increase viscosity of the intestinal contents, which potentially interferes with nutrient absorption including micelle formation, thus decreasing lipid absorption from the intestine (10, 26) . It has also been suggested that the enterohepatic circulation of bile acids is disrupted, leading to increased bile acid excretion and subsequent decrease in plasma cholesterol levels (28) . Another theory includes the direct inhibition of endogenous sterol synthesis by short-chain fatty acids (SCFAs) produced by fermentation of soluble fibers in the colon (5) . Morphological changes in the intestine following fiber feeding may also play a role in the hypocholesterolemic effect of soluble fibers. This area of research has not been given much attention, but new technology provides quick and accurate morphometric measurements of the intestinal structure. Our previous work in rats fed dietary fibers for an 8-wk period showed significant changes in morpho-metric parameters (25) . The objectives of this study were to enhance our understanding of the mechanisms that lower plasma cholesterol concentrations following high methoxy pectin intake and to quantify morphological changes using computerized image analysis.
MATERIALS AND METHODS
Dietary Fiber Varieties. The fiber sources incorporated into experimental diets were cellulose (Solka-floc, James River Corp., Hackensack, NJ, USA) and pure citrus pectin, methoxy concentration 10 g/100 g (Yakhin Canning Company, Petach Tikvah, Israel).
Experimental Animals. Thirty male Sprague-Dawley rats (Harlan, Jerusalem, Israel) weighing 130-160 g were divided into 3 groups and fed either a control diet or 15% fiber (Table I ). The rats were housed individually in suspended stainless-steel cages in a controlled environment (22-24°C and 12-hr light/dark) with free access to food and water. Animals were fed designated diets for a 4-wk period. In the final week of the experiment, feces was collected. Animals were cared for under the guidelines set forth by the Animal Care Committee of the Hebrew University, Jerusalem.
At the termination of the experiment, rats were anesthetized with Nembutal (0.1 ml/100 g body weight) and blood samples were taken from the vena cava in preheparinized syringes. The entire intestine from the pyloric sphincter to the rectum was removed and extended on a flat surface with minimal stretching, and the length was measured. This procedure was carried out gently and promptly within a few seconds. Samples of 1-cm segments from the ileum (10 cm proximal to the ileocecal valve) and the midcolon were cut and preserved in 4% buffered formaldehyde. Particular attention was paid to quick fixation of the tissues to prevent autolysis with a maximum of 5 min from the time of animal sacrifice to tissue fixation. The liver was excised and washed in icecold saline, and samples of approximately 2 g were used for the preparation of microsomes. Sample Preparations At tissue processing, transversal slices of the intestinal segments, perpendicular to the mucosal surface, were prepared, dehydrated, and embedded in paraffin wax. Sections were cut at 4-5 j.1m thickness and stained by hematoxylin and eosin (H&E). The tissue was well oriented, and the plane of section was passed vertically through the epithelium. In each section, image analysis (GALAI SuperCue3/ScanArray) was used to determine the area of the mucosa (together with the submucosa) and the tunica muscularis. Determination of cell size in the inner circular smooth muscle layer of the tunica muscularis was performed by counting the number of nuclei in a defined area. Four fields were randomly selected providing a total area of 7.8 mm2. The fields for measurement were selected at random. The principles of the utilized technique for the computer-aided microscopy are outlined in Slavin et al (23) . H&E staining was adequate to discriminate between nuclei and cytoplasm of the muscle cells. This fact enabled automated image analysis counting of the nuclei. Mucosal height was measured at 5 different and spaced sites. In the ileum, the height represents a perpendicular axis passing from the tip of the villus to the base of the crypt. Colonic measurements signify a perpendicular axis passing from the tip of the gland to the base of the crypt. All sections were coded so that the origin of the section was unknown to the observer. Prior to morphometric quantifications, cross-sections were closely examined, and no signs of atrophy were observed in any of the experimental groups. Damaged tissue was not included in the image analysis.
Determination of Plasma Cholesterol. Heparinized blood was centrifuged for 15 min at 1,200 X g, and the plasma was removed and then frozen at -20°C for later analysis. Plasma cholesterol concentrations were deter- (3) . Liver microsomes were prepared in the presence of 50 mM sodium fluoride. Following ultracentrifugation, samples were frozen in liquid nitrogen and stored at -70°C. Total and active HMG-CoA reductase activity was determined by preincubating 50-150 j.1g of microsomal protein in the presence or absence of E. coli alkaline phosphatase. All assays were carried out in duplicate, and results were expressed as mevalonate formed per minute per milligram of microsomal protein.
Total Bile Acid Analysis. One hundred mg of dried fecal matter was extracted with 10 ml chloroform-methanol (9) overnight. Two ml of 0.37% KCI was then added, and the sample was centrifuged at 1,500 X g for 10 min. The upper layer was then removed, evaporated until dry, and dissolved in 200-300 j.11 of 50% methanol. Total bile acids were then determined by enzymatic analysis. The composition of the assay was as follows: phosphate buffer, pH 10.5-10.6, NAD 2 mM, and 100 jjd sample. The reaction was initiated by adding 3a-hydroxysteroid dehydrogenase (0.1 IU per reaction) in a final volume of 1.5 ml. After 30 min at room temperature, the absorbance was measured at 340 nm to detect NADH formed.
Statistical Analysis. Data were expressed as mean :!: SEM. Differences between means were determined by 1way analysis of variance and Duncan's multiple-range test. Differences were considered significant at a probability level of P ~ 0.05.
RESULTS
Animals fed experimental diets had similar growth rates to those fed the control no-fiber diet (Table II) . Pectin feeding significantly increased the length of both the small intestine and the colon when compared to control and cellulose-fed rats. Cellulose had little effect on the length of the small intestine, but colon length was found to be significantly greater than in rats fed a fiber-free diet while shorter than the pectin-fed rats.
Morphometric measurements (Table III and Fig. 1 ) showed that in the ileum a 15% pectin diet significantly increased the area of the tunica muscularis layer (2.18 -i-0.12 mm2) in comparison to both the control and cellulose-fed rats (1.42 ± 0.07 mm'and 1.57 ± 0.10 mm2, respectively). The ratio of muscle to total area was also In the midcolon (Table III and Fig. 1 ), pectin feeding significantly increased total areas of cross-sections (8.94 ± 0.46 MM2) with corresponding significant increases in both mucosal and muscularis fractions. In contrast, cellulose had little effect on the total area of the cross-sections (6.27 ± 0.63 mm2) when compared to the no-fiber control group (6.70 ± 0.46 MM2). Cellulose also had little effect on areas of individual mucosal and muscular layers. Pectin-and cellulose-fed rats had a significant decrease in colonic tunica muscularis nuclei number per defined area in comparison to control rats (Fig. 2 ). Mucosal height was also significantly increased in rats fed pectin (0.41 ± 0.03 mm), but no differences were observed between the cellulose-fed rats (0.33 ± 0.02 mm) and the control group (0.33 ± 0.02 MM2).
Plasma cholesterol concentrations in fed rats (Table   IV) -Histological sections of the muscularis layers of the colon in a control rat versus cellulose-fed rat as viewed on the image analyzer computer screen. The rectangles delineating areas for measurement overlaid on the inner circular layer of the tunica muscularis. Note the relatively higher number of nuclei in the control rat (lA) as compared to the cellulose-fed rat (2B). mmol/L). Daily fecal bile acid excretion was correspondingly low in the control and cellulose diets (5.5 ± 0.6 and 3.9 ± 0.8 ¡.Lmol/day, respectively) and significantly increased in pectin-fed rats (9.7 ± 1.6 j.1mol/day).
Fecal bile acid concentration (Table IV) was highest in control rats (13.6 ± 1.0 j.1mol/g) and was dramatically decreased by cellulose feeding (1.2 ± 0.2 j.1mol/g). A lesser but also significant lowering of fecal bile acid concentrations was observed in pectin-fed rats (9.6 ± 1.0 ¡.Lmol/g). Endogenous hepatic cholesterol synthesis was determined by measuring HMG-CoA reductase activity, a key enzyme that converts HMG-CoA to mevalonate.
Total enzyme levels determined in the presence of alkaline phosphatase were significantly greater in the pectinfed rats whereas a definite trend toward higher levels of active enzyme was also observed (Table IV) . Rats fed cellulose had similar cholesterol synthesis to those fed a control diet.
DISCUSSION
This study examined the mechanisms by which dietary fiber lowered plasma cholesterol levels and evaluated the morphological changes following cellulose and pectin intake. Pure fiber sources were chosen because, when studying mechanisms of action, a pure substance eliminates the uncertainty as to what element is the hypocholesterolemic component of the experimental diet. Plasma cholesterol levels were significantly lower in rats fed a high-pectin diet. This may be explained by the significant increase in bile acid excretion, a major pathway for removal of cholesterol from the body. Many previous studies have documented increased bile acid excretion following soluble fiber feeding (16) but this is not consistent for every fiber source (2) . Pectin has been reported to increase bile acid excretion (20, 27) , and our results support this finding.
In this study, plasma cholesterol levels were also low- ered by cellulose feeding. In general, cellulose is not a fiber source attributed to having a hypocholesterolemic effect (15) . It is possible that this discrepancy can be explained by the fact that the blood was drawn in the fed state rather then in fasted rats. Pectin and cellulose feeding has been shown to impede cholesterol absorption (30) ; therefore, lower postprandial plasma concentrations observed here in fiber-fed rats are not unanticipated.
In several recent studies, the effect of SCFAs on cholesterol synthesis has been evaluated. There is evidence indicating that propionate may inhibit hepatic cholesterol synthesis and play an important role in lipid metabolism (5, 8, 31 ) . Results of in vitro studies carried out in isolated hepatocytes did not support this hypothesis (17) . Furthermore, hepatocytes isolated from rats fed a highpectin diet showed stimulated cholesterol synthesis despite the large quantities of propionate produced by pectin fermentation (18, 24) . The significant increase in total HMG-CoA-reductase activity and a trend toward increased active HMG-CoA reductase activity observed in this study provide in vivo evidence that endogenous cholesterol synthesis is not inhibited by pectin feeding. Demigne et al (6) recently proposed that although propionate may inhibit cholesterol synthesis, this may be overcome to maintain cholesterol homeostasis when the cholesterol pool is depleted due to losses from other pathways. As shown in Table II , the body weight did not differ between the fiber groups and the control. Food consumption was not performed; thus, a difference in food intake to compensate the body weight can be excluded.
Morphological changes in the intestine following fiber feeding have not been widely investigated. Computerized image analysis is a powerful new tool that provides accurate morphometric measurements of intestinal subfractions. The computer-aided microscopy permitted rapid measurement of the defined tissue element. The measurement of complex shapes is direct without need for statistical estimation (23) . Our results indicate that dramatic structural modifications occur in the intestine following pectin feeding. This may lead to changes in the absorptive capacity of the intestine. The importance of these findings is difficult to assess but may be a key to understanding the physiological changes induced by soluble dietary fibers.
The high viscosity of gut contents following pectin feeding leads to a retention of fat and other nutrients that are normally absorbed in the small intestine (21) . Therefore, the noted elongation of the small intestine may be a compensatory mechanism to increase absorptive areas and maximize nutrient absorption. Colonic length was increased by both pectin and cellulose, which may also be an adaptive measure to increase absorptive areas. The increased mucosal height observed in the colon following pectin feeding may improve absorption capabilities and probably results from the proliferative effects of SCFAs produced from pectin fermentation in the colon (14) . A significant increase in muscle mass of both the small and large intestine was measured following pectin feeding. This coincides with previous reports of Brown et al (4), who measured greater smooth muscle thickness in the small intestine following an 18% pectin diet. Schneeman and Richter (22) found an increase in smooth muscle thickness in the ileum of rats fed psyllium or oat bran, but differences in the colon were not determined. This morphological adaptation following soluble fiber feeding may be necessary to provide the extra work to propel a highly viscous gel such as pectin the length of the intestine. Another possible explanation is that morphological changes may be due to a downward shift of absorption in the intestine following soluble fiber feeding (19) . Pectin is associated with improved glucose tolerance and decreased plasma cholesterol levels (12, 13) . Increased muscle mass may increase mixing of intestinal contents to maximize contact between nutrients and the absorptive mucosal layer. On the other hand, stronger muscle action may shorten transit time, thus limiting absorption.
The case of cellulose is not as clearcut. In the ileum, muscle area was not increased and in the midcolon the increase is tentative at best. Cellulose is a bulking agent that has been shown to shorten intestinal transit times and increase fecal volume (30) . Greater muscle action appears essential for carrying out this task. Schneeman and Richter (22) also reported that wheat bran, an insoluble fiber containing cellulose, did not increase smooth muscle thickness in the ileum. Our earlier work (24) indicated that a high-cellulose diet had no effect on the ileal muscle layer, but a trend toward increased muscle area was observed in both the mid-and distal colon following 8 wk on experimental diets. These differences may be accounted for by the varying time periods of the experiments with significant increase in muscle mass occurring only after long-term cellulose feeding.
Muscle cell hypertrophy was observed in the midcolon following both cellulose and pectin feeding. Pectin correspondingly increased muscle mass, but this was not observed following cellulose feeding. In cellulose-fed rats, increased cell size in the smooth muscle layer of the colon was not correlated to an increase in the absolute muscle area. Interestingly, Jacobs (11) also examined cellular hypertrophy by determining the muscle cell packing density in the intestine of rats fed 10% fiber-enriched diets for a 4-wk period. Colonic muscular hypertrophy was documented in the case of wheat bran but not confirmed for pectin. Documentation of muscle thickness or muscle area was not included in his data.
It is possible that the highly viscous nature of a 15% pectin diet is more difficult to propel the length of the intestine than a high-cellulose diet. If this is true, then the need for greater functional activity following pectin intake would account for the increase in muscle mass throughout the intestine. The production of SCFAs from pectin fermentation in the colon may be an additional factor leading to significant morphological changes in pectin-fed rats that were not observed in cellulose-fed rats.
This study is in agreement with previous studies that relate the hypocholesterolemic effects of pectin to increased bile acid excretion and not direct inhibition of cholesterol synthesis in the liver. It is difficult to evaluate the effect of changes in the intestine structure on lipid metabolism. Impaired lipid absorption following pectin feeding has been documented, but this may be attributed to the physicochemical properties of the fiber (i.e., viscosity) and not related to morphological changes. The role of histological modifications in inducing physiological effects remains to be fully elucidated.
